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ABSTRACT

Carbon nanotube growth depends on the catalytic activity of metal nanoparticles on alumina or silica supports. The
control on catalytic activity is generally achieved by variations in water concentration, carbon feed, and sample
placement on a few limited types of alumina or silica catalyst supports obtained via thin film deposition. We have
recently expanded the choice of catalyst supports by engineering inactive substrates like c-cut sapphire via ion beam
bombardment. The deterministic control on the structure and chemistry of catalyst supports obtained by tuning the
degree of beam-induced damage have enabled better regulation of the activity of Fe catalyst only in the ion beam
bombarded areas and hence enabled controllable super growth of carbon nanotube. A wide range of surface
characterization techniques were used to monitor the catalytically active surface engineered via ion beam bombardment.
The proposed method offers a versatile way to control carbon nanotube growth in patterned areas and also enhances the
current understanding of the growth process. With the right choice of water concentration, carbon feed and sample
placement, engineered catalyst supports may extend the carbon nanotube growth yield to a level that is even higher than
the ones reported here, and thus offers promising applications of carbon nanotubes in electronics, heat exchanger, and
energy storage.
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1. INTRODUCTION

Carbon nanotubes (CNTSs) are one of the most exciting materials in the recent history. The application of CNTs has been
explored in ultra-lightweight composites for aerospace [1-3], electrical cables [4, 5], interconnects [6], bio/chemical
sensors [7, 8], energy storage devices [9, 10], field-emitting devices [4] and high speed electronics [11-13]. A realization
of these applications requires large scale production of CNTs with sufficient control over yield, density and electronic
type during growth. A larger CNT yield is desired, in general, for any application [14-17], while certain applications like
interconnects require a CNT density of ~ 10** cm™ [6, 18] and high-performance electronics require a 99.99% purity in
electronic type (semiconducting) [12, 13]. To meet these specifications, one must have good control on the catalytic
activity of metal nanoparticles used for CNT growth with precise placement of particles that will yield CNTs with a
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desired level of yield, density, and chirality. Despite decades of CNT research and the clear need for improved growth,
progress on fundamental understanding of catalytic activity and resultant CNT growth have been limited.

Vertically aligned CNT (VA-CNT) growth generally involves deposition of thin films of metals like Fe, Co, and Ni on a
wide variety of catalyst supports [19, 20]. These films form metal nanoparticles at the temperatures used for VA-CNT
growth and the nanoparticles later catalyze CNTs at a low efficiency (10-80%) [21]. The catalytic activity of
nanoparticles on solid supports (heterogeneous catalysis) is affected by water vapor [14, 15, 22] and carbon
feedstock.[16] In addition, the catalytic activity is most efficient only on certain types of catalyst supports, specifically
alumina or silica [23-27]. Even for materials like alumina or silica, only certain types of alumina (AlO,) [23, 24, 28, 29],
quartz [30] or sapphire [31] yield extended catalytic activity and hence longer VA-CNT growth. Our previous study with
a variety of alumina supports clarified the role of catalyst support in enhancing catalytic activity [23, 24, 32]. In that
study, while pristine sapphire (Al,O3) did not support VA-CNT growth, porous alumina (AlO,) deposited by three
different thin-film deposition methods (namely magnetron sputtering, electron beam evaporation, and atomic layer
deposition) showed higher catalytic activity and better VA-CNT growth. The key microstructural element for enhancing
catalytic activity was porosity of the AlO, support that allowed mass loss for the catalyst via sub-surface diffusion and
hence restricted coarsening of the catalyst by inhibiting Ostwald ripening [22]. The limited number of techniques for
metal film deposition, however, only allowed a few options for catalyst supports [23] and, therefore, limited the
exploration of an important process parameters.

In our recent publication discussed in this proceedings article [33], we have presented ion beam bombardment as an
effective method to create catalyst supports with controllable degrees of catalyst activity and lifetime for VA-CNT
growth. The presented method converts an inactive catalyst support like c-cut sapphire [23, 31] into a highly active
support with extended catalytic activity and ~ mm tall VA-CNT growth only in the ion beam bombarded areas. The
conversion of catalyst supports and resultant catalytic activity were monitored using well-established surface
characterization methods. Degree of nanotube growth on ion beam damaged substrates shows good correlation with the
catalytic activity on the engineered catalyst supports. The method expands the choice of catalyst supports, an important
component for CNT growth, from a few types of alumina to a wide range of engineered substrates.

2. EXPERIMENTAL DETAILS

To convert inactive catalyst supports like c-cut sapphire into an active one, the substrates were bombarded with argon
(Ar?) ions at different accelerating voltages and at different ion doses. The surfaces of bombarded catalyst support were
characterized using X-ray photoelectron spectroscopy (XPS) and atomic force microscopy (AFM), while the extent of
ion damage was analyzed using cross-sectional TEM (X-TEM) and X-ray reflectivity (XRR). For VA-CNT growth, a
thin film (~ 1 nm) of Fe was deposited on the ion damaged substrates. Substrates were later annealed at 585 °C for 10
min and then rapidly cooled down to room temperature, both in hydrogen ambient with 200 sccm flow. Some samples
were removed from the reactor at this point to analyze catalyst morphology using Atomic Force Microscopy (AFM).
Other samples were immediately subjected to VA-CNT growth at 760 °C with a mixed flow of argon (470 sccm),
hydrogen (100 sccm) and ethylene (25 sccm) for 30 min and using ~50 ppm water vapor. Grown CNTs were analyzed
using scanning electron microscope (SEM), Raman spectroscopy, and transmission electron microscope (TEM).

XPS analysis were performed at ~ 4x10” Pa base pressure using Surface Science Instruments (SSI) M-probe equipped
with an Al Ko X-ray source and the acquired data was analyzed using CASA XPS software with Shirley background
subtraction. AFM was carried out in a Veeco Nanoscope Multimode instrument using MikroMasch HQ:NSC15/Al-BS
(having tip radius ~ 8 nm, resonant frequency 265-410 kHz, and force constant 20-80 N/m). TEM studies were
performed in a FEI Titan Environmental TEM at an accelerating voltage of 300kV. XRR were carried out in air using
Rigaku-Smartlab X-ray diffractometer equipped with a Cu Ko (A = 0.154 nm) radiation source using slit collimation.

3. RESULTS AND DISCUSSION
VA-CNT growth using ion beam bombardment

Figure la shows side view of a VA-CNT grown sapphire substrate. A carpet height of ~ 0.8 mm is achieved here via
bombardment of Ar* ion accelerated at 5 kV at a dose of ~ 2.1x10%° cm™. The degree of VA-CNT growth is comparable
to that obtained in ALD or sputter-deposited AlO, using lateral gas flow [17]. Raman spectra taken from the top of the
carpet (Figure 1b) suggests the presence of disorder within the grown CNTs with a strong D and G” band that have
intensities comparable to that of G band. Low G/D ratio (~ 1.4) in Raman spectra is also an indicator about the



abundance of multi-walled CNTs in the samples [34]. In addition, single-walled CNTSs at the top of the carpet with radial
breathing mode (RBM) signals in the range of 150-300 cm™ are also observed. A detailed SEM image taken at the top of
VA-CNT carpet shows the presence of flakes (Figure 1c), which have presumably been lifted off from the top of catalyst
support during CNT growth. Similar phenomenon has often been observed in VA-CNT literature [35, 36] and is termed
as “odako” growth [37]. The controllability offered by the ion beam in engineering catalyst supports allows us to obtain
different degrees of VA-CNTSs either by varying accelerating voltages or by varying damage doses of the Ar" ion. Figure
1d-e shows height of VA-CNTs grown on sapphire surfaces damaged at various degrees of ion beam conditions.
Increased degrees of Ar* ion damage, either by increasing the accelerating voltage at a fixed damage dose (Figure 1d) or
by increasing the damage dose at a fixed acceleration voltage (Figure 1e), results in higher carpet height. In addition, a
patterned VA-CNT growth in Figure 1f by masking the substrate with a SiO,-coated Mo TEM grid confirms
confinement of catalyst activity within the damaged areas. (Significant amount of flakes at the top of carpet (Figure S2
of supporting information), as in “odako” growth,[35-37] and enhancement of growth near the mask edges[35] are also
observed here.) In this substrate with patterned VA-CNT growth, Fe catalyst (~1 nm Fe film) was uniformly deposited
on the entire substrate; however, only the ion damaged regions grew VA-CNTSs. In contrast, patterning the catalyst film
deposition [15, 38] to achieve selective area growth suffers from potential loss of fidelity in the pattern transfer via
catalyst migration into regions outside the patterned area.
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Figure 1. lon beam bombarded c-cut sapphire substrate supports VA-CNT growth in a controlled manner: (a) SEM images
show ~ 0.8 mm tall CNT grown on the bombarded substrate. (b) Raman spectra taken from the top of VA-CNT shows the
presence of G” band with a G/D ratio of ~1.4 and with radial breathing modes (RBMs; inset) in the range of 150-300 cm™.
(c) SEM image taken at the top of the CNT shows signatures of “odako” growth. (d-e) Variation in the height of VA-CNTs
grown on ion beam damaged sapphire substrates. The substrates were prepared using different degrees of Ar* ion beam
bombardment at variable dose with a fixed accelerated voltage and at variable accelerating voltages at a fixed dose. (f) SEM
image of patterned VA-CNT growth via masked ion beam bombardment in selective regions of a sapphire substrate. Inset
shows high mag. SEM image near the base of one patterned area. Figures a-b and d-f are reproduced from Ref. [33].

Surface and structural characterization

To analyze the catalysts used for VA-CNT growth on different damaged surfaces, Ar* ion damaged sapphire substrates
were coated with an approximate 1 nm Fe catalyst film, as used for CNT growth, and then annealed in H, ambient at 585
oC for 10 min. Annealing of the catalyst film in H, ambient induces de-wetting of the film via coarsening and subsurface
diffusion into the porous catalyst support [23] and forms iron nanoparticles on top of the engineered sapphire surfaces.



Figure 2a-b suggests that the Fe nanoparticles formed on surfaces prepared using a lower degree of Ar* ion damage are
larger and isolated; while that formed on surfaces prepared using a higher degree of Ar” ion damage are smaller and
dense. A heavily damaged surface, therefore, show smaller surface roughness (Figure 2d), higher particle density (Figure
2e) and hence greater catalytic activity compared to a lightly damaged one. The XPS surface analysis also reconfirms
this trend. The measured increase in both the O/Al atomic ratio (Figure 2f) and the O 1s peak width (Figure 2g) with the
increase in the degree ion damage suggests hydroxyl enrichment on the damaged sapphire surfaces that correlates to a
higher degree of catalytic activity and hence longer lifetime for the Fe catalyst nanoparticles [32]. Surface analysis data
collected using AFM and XPS, therefore, suggests non-stoichiometric sapphire surfaces with enriched hydroxyl groups
after ion beam damage. The induced disorder enhances catalyst activity and lifetime and obviates the need to deposit an
additional alumina layer for VA-CNT growth.
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Figure 2: Summary of surface characterization techniques used to understand catalytic activity on damaged sapphire
substrates: (a-b) AFM topography of Fe nanoparticles formed on sapphire surfaces prepared with different degrees of ion
beam bombardment obtained by varying the acceleration voltage at a fixed dose of 2.1x10%° cm™. To form these
nanoparticles, Fe film of ~ 1 nm was coated on the surfaces followed by a 10 min hydrogen anneal at 585 °C. (c-e) A
comparison of the height of VA-CNTs grown on damaged substrates with the surface roughness and nanoparticle density
obtained after H, anneal of 1 nm Fe film using methods discussed above. Trends indicate that increasing damage via
increase in ion energy induces longer VA-CNTSs with smaller and denser particles. (f-g) The variation in the ratio of the O
1s peak area to the Al 2p XPS peak area (O/Al ratio) and FWHM for the O 1s peak with increasing degrees ion beam
damage suggests higher surface activity for higher damage. Figures (c-f) are reproduced from Ref. [33].

As porosity of a substrate surface defines catalytic activity [23], we performed structural analysis using X-TEM and
XRR. The X-TEM image of a sapphire substrate (Figure 3a) damaged using 3.8x10%® Ar" ions/cm? at an acceleration
voltage of 5 kV shows the presence of ~ 13 nm thick damaged layer near the surface. Consistent with previous studies of
ion implantation of different substrates [39-41], this damage layer consists of an epitaxially regrown amorphous layer at
the top, which is followed by a porous, interfacial layer in between the amorphous and crystalline regions. The XRR
analysis performed on sapphire substrates prepared using different degrees of ion beam damage also suggests porosity in
damaged layers and a systematic change in damage depth with the increase in beam damage (table in Figure 3b). All
these confirms that the porosity in the ion beam damaged surface allows more sub-surface diffusion of Fe into the
catalyst support, results less Oswald ripening and hence enhances catalytic activity.

4. CONCLUSION

We have presented a novel way to control catalytic activity on an inert substrate via ion beam bombardment. The
method expands the choice catalyst supports currently being used for VA-CNT growth. The contrast between the lack of
growth on the pristine substrate and the VA-CNT growth in Ar* ion bombarded areas highlights the sharp difference in



catalytic activity between an atomically perfect surface and an intentionally disrupted one. Applied microstructural and
surface chemical characterization tools on the engineered catalyst supports validate our current understanding of
Ostwald ripening, coarsening, and surface chemistry as defining mechanisms for VA-CNT growth.
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Figure 3: (a) X-TEM image of an ion beam damaged sapphire substrate. The substrate was damaged with 3.8x10%° Ar*
ions/cm? at an acceleration voltage of 5 kV and then coated with a ~ 1nm Fe film [33]. (b) A summary of XRR data
obtained by exposing damaged surfaces to small-angle X-ray. The damage depths are extracted from a fit to the XRR data
obtained at different angles (20 = 0.4-8°).
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